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[57] ABSTRACT 

A system utilizing bandpass sampling for converting an 
analog input signal A-sin ((o>„+ci)j)t+$)) into (I) bi- 
phase and a (Q) quadrature-phase digital signals for 
digital signal processing, in which image rejection is , 
enhanced. o>, is the baseband frequency, <a 0 is the IF ' 
center frequency, and <J> is the phase of the analog input 
signal. A sequence of digital signal samples obtained by 
bandpass sampling is processed to derive either the I 
digital signal or the Q digital signal as a first digital 
output signal from a first series of alternate samples and 
to derive the other of the I and Q digital signals as a 
second digital output signal by computing the average 
of the absolute values of alternate samples that immedi- 
ately precede and follow the samples of the first series. 
In accordance with this processing scheme, there is no 
phase error, but instead an amplitude error in each I/Q 
pair equal to the value of cos «jt; and the image rejec- 
tion becomes: 



7D .n. (1 + COW,!") 2 „ t (1 + C OSOtjT) 

IR m 10 log » 20 log 



' (1 - COSOIjT) 2 



(1 — COWtfjT) 



-40 log tan 



(»B1 



For an UHF receiver with 25 KHz wide channels, the 
maximum baseband frequency is 12.5 KHz. When sam- 
pled at f=4 MHz, the image rejection is 80 dB. 

3 Claims, 2 Drawing Sheets 
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CONVERSION OF ANALOG SIGNAL INTO I AND 
Q DIGITAL SIGNALS WITH ENHANCED IMAGE 
REJECTION 

5 

BACKGROUND OF THE INVENTION 

The present invention generally pertains to electronic 
communications and is particularly directed to improv- 
ing image rejection in a system for converting an analog \q 
signal into (I) in-phase and a (Q) quadrature-phase digi- 
tal signals for digital signal processing. 

A common prior art method of converting a received 
analog signal for digital processing is to split the re- 
ceived analog signal into an in-phase (I) component and IS 
a quadrature-phase (Q) component and to separately 
convert these two components into digital signals. A 
typical prior art system for accomplishing such conver- 
sion is described with reference to FIG. 1. This prior art 
system includes a first mixer 10, a second mixer 12, a 20 
phase shifter 14, a frequency generator 16, a first filter 
18, a second filter 20, a first amplifier 22, a second ampli- 
fier 24, a first A/D converter 26 and a second A/D 
converter 28. This system converts a high frequency 
analog input signal A-sin (( a ) 0 +cD J )t+<£)) received at 
terminal 30 into baseband signals A*M*sin (a>jt+<j>) on 
line 32 to provide the I component, and A«N-cos 
(edit +4) on line 34 to provide the Q component. 
Oj is the baseband frequency. M 
oi 0 is the IF center frequency. 
<f> is phase of the input signal. 
M is the gain of the 1 channel 10, 18, 22. 
N is the gain of the Q channel 12, 20, 24. 

The I and Q components on lines 32 and 34 are re- 35 
peatedly sampled by the respective A/D converters 26 
and 28 simultaneously in response to a clock signal on 
line 36 to provide an I digital signal at output terminal 
38 and a Q digital signal at output terminal 40. The 
obtained binary values for the I and Q digital signals 40 
represent the baseband signal vector at the instant of 
sampling, and repeated sampling by A/D conversion 
provides an accurate representation of the baseband 
components on lines 32 and 24, including the informa- 
tion contained in the modulation of the input signal. 45 
There is no restriction on the kind of modulation, such 
as AM, FM, PM, BPSK, QPSK, etc. 

The accuracy of this conversion is limited in practical 
applications due to unavoidable I/Q gain imbalance (Le. ^ 
N/M not being equal to 1 and phase errors (e+) due to 
the I and Q signals not being offset by exactly ninety 
degrees from each other. These errors cause generation 
of a baseband image signal at — a>, (where ta s is the 
baseband signal frequency). Although the image signal 55 
is at a lower level than the baseband signals, the level is 
too high for many applications. For the image signal 
produced in the prior art system of FIG. 1, the image 
rejection (IR) with respect to the baseband signal is: 




For typical achievable imbalances of 



20 log » IdB. 

and a phase error of e$=3 degrees, the image rejection 
is24dB. 

Another prior art method of converting an analog 
input signal for digital processing is to bandpass sample 
the analog input signal A-sin ((a> 0 +a>i)t+4)) at a sam- 
pling rate of f=l/r to provide a sequence of digital 
signal samples: 

Si- - A-sin (« r 2r+4>), 
S}=t-A<o* (e* r 3T +<*>), 
5*^/4 -sin (»r4r+4), 
5j =i/4 -cos (<d r 5r+^), 
S6=-^'*in (u r 6r+<» < . . . ; 

wherein o>,is the baseband frequency, a> 0 is the IF center 
frequency, and <f> is the phase of the input signal. These 
digital signal samples are processed to provide a se- 
quence of in-phase digital signals, Ii, h, I3 and a se- 
quence of quadrature-phase digital signals, Qi, Q2, Q3. 

Advantages of the bandpass sampling technique are 
that only one A/D converter is required and that there 
is no balance or tracking requirements for the different 
parts of the circuitry. 
The choices of the sampling frequencies f are: 
f=4 fo/(4 m+2 a— 1), wherein m is 0, 1, 2, ... ; and 
a is either 0 or 1. This provides samples that are 90 
degrees apart for the IF center frequency a)<>. However, 
frequencies that are offset from the IF center frequency 
have a phase error e$) equal to a»jT. With o>^=the 
baseband frequency = the offset frequency, the rejection 
is a function of the baseband frequency o,, and thereby 
becomes: 



Although this is equivalent to the I/Q split model of 
FIG. 1, with no gain imbalance, (i.e. N/M=l) and the 
phase error, e$=o>T, this prior art bandpass sampling 
technique provides a significant improvement over the 
prior art system of FIG. 1 by almost doubling the dB 
value of the image rejection. 

For an UHF receiver with 23 KHz wide channels, 
the maximum baseband frequency is 12.5 KHz. When 
sampled at f=4 MHz, the image rejection is 40 dB. 

For some, demanding applications, however, the 
image rejection must be much greater. 

SUMMARY OF THE INVENTION 

The present invention provides an system utilizing 
bandpass sampling for converting an analog signal into 
(I) in-phase and a (Q) quadrature-phase digital signals 
for digital signal processing, in which image rejection is 
improved. 

In the system of the present invention, a sequence of 
digital signal samples obtained by bandpass sampling is 
processed to derive either the I digital signal or the Q 
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digital signal as a first digital output signal from a first 
series of alternate samples and to derive the other of the 
I and Q digital signals as a second digital output signal 
by computing the average of the absolute values of 
alternate samples that immediately precede and follow 
the samples of the first series, with the sign depending 
on the sampling mode (i.e. whether a=0 or a= 1). 

Accordingly, in one embodiment the derived se- 
quence of in-phase digital signals, l\,h, I3, is 

I\=S[. 7i=-S3. and 73=5;; 



10 



and the derived sequence of quadrature-phase digital 
signals, Qi, Q2, Q3, is 15 



Q\ = 



and 



-(2a - IXSo - Si) 



(2a - 1X5 4 - Si) 



-(2a - IKSi - S 6 ) 



20 



25 



In an alternative embodiment the derived sequence of 
in-phase digital signals, Ii, I2, h f is 

, (2a - ixsb - Si) 



30 



and 



-(2a - 1X5 4 - Si) 
2 



35 



(2a - IXS4 - S«) 



40 



BRIEF DESCRIPTION OF THE DRAWING 

FIG. 1 is a diagram of a prior art system for convert- 
ing an analog signal into (I) in-phase and a (Q) quadra- 
ture-phase digital signals. 

FIG. 2 is a diagram of a system according to both the 
prior art and the present invention that uses bandpass 
sampling for converting an analog signal into (I) in- 
phase and a (Q) quadrature-phase digital signals. 

FIG. 3 is a diagram illustrating a system according to 
a preferred embodiment of the present invention for 
processing digital signal samples obtained by bandpass 
sampling. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Referring to FIG. 2, the system of the present inven- 
tion includes a D/A converter 42 and a digital signal 
processor 44. 

The D/A converter converts a high frequency ana- 
log input signal A-sin ((o) 0 +o)j)t-f d») received at termi- 
nal 46 into a sequence of digital signal samples S, on line 
48 at a sampling rate of f=l/r, as determined by the 
clock signal provided on line 50. 

The sequence of digital signal samples S, obtained by 
this sampling process is: 

So=<4*in <>, 
S\^A-cos (u x r+4>), 
S2= — A-sin (g)j-2t+4>), 
$3=— A<os (ts r 3T+$), 
S4=v4-sin Mr+iJ), 
Ss^A-cos (o> r 5r+$). 
S$= — A'iin («*•<«■+$). . , . ; 



and the derived sequence of quadrature-phase digital 
signals, Qi, Q2, Q3, is 

Ql-3l. Ql~-S}, and G3=S 5 . ^ 

By processing the samples in accordance with the 
present invention, there is no phase error, but instead an 
amplitude error in each I/Q pair equal to the value of 
cos oijT. The resulting image rejection is 50 

In accordance with this processing scheme, image 
rejection becomes: 



The processor 44 processes the sequence S/of digital 
signal samples on line 48 to provide a sequence of in- 
phase digital signals l\,h, I3 at output terminal 52, and 
a sequence of quadrature-phase digital signals Qi, Q2, 
Q3 at output terminal 54. 

In this preferred embodiment of the present inven- 
tion, the processor 44 processes the digital signal sam- 
ples S/on line 48 to provide the following sequences of 
the in-phase digital signals, lu I2, 13 and the quadrature- 
phase digital signals Qi, Q2, Q3: 

Jl^Si, I2- -S3, and /j=Ss; 



IR « 10 log 



(1 + corner) 3 
(1 - cottar)* 



, A , (1 + cosset) 
201o » (I - cou> s t) 



{Eq. 3} «"* 
55 



= -40 log tan 



60 



Although this is equivalent to the I/Q split in the 
prior art system of FIG. 1 with 0=0 and N/M=cos 
(wjr), the present invention provides a dramatic im- 
provement over the prior art systems. 

For an UHF receiver with 25 KHz wide channels, 
the maximum baseband frequency is 12.5 KHz. When 
sampled at f=4 MHz, the image rejection is 80 dB. 



65 



and 



to 



•Oa - IXSq - S 2 ) 



(2a - 1KS 4 - S2) 
2 



-(2a - IXS4 - S6) 



A system by which the processor 44 implements the 
foregoing processing scheme is illustrated in FIG. 3. 
This system includes a first register 56, a second register 
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58, a third register 60, a subtraction unit 62, a divide-by* +♦>• 
two unit 64, a first sign-reversal unit 66, a second sign 

reversal unit 68, an I-channel switch 70 and a Q-channel wherein <■>, is the baseband frequency, o> 0 is the IF 

switch 72. center frequency, and <^ is the phase of the analog 

The three registers 56, 58 and 60 are connected in 3 m Ptt lnd 

series with each other such that when digital signal melns for processing said sequence of digital signal 

sample Sois provided from the output of the third regis- ^P 1 " 10 d , erive f^. 8 ? ? »8na| oraQ 

ter 60, digital signal sample S, is provided from the ^ s . I 8 M, , as , 8 fot ^P* 1 , out P u J1 t ^ from a 

output of the second register 58, and digital signal sam- fil ? t ^ of altenwte samples and to denve the 

pleS 2 isprovidedfromtheoutputofthefirstregister56. «> , of dl 8 ,,,,1 » *comi 

and so forth as the digital signal samples are sequentially t^T?* , b * com P u,m * \ he of 

taken and processed The sttetxaction unit « subtract ^tS^^Jf ST " mP " ^w',' 

*u i * • • « « « i diately precede and follow the samples of the first 

r .u ^ ^/r^ bY series, with the sign depending on the sampling 
ter 60 from thevalue "a" of the output provided by the mode (Lc . whether a =oVa=l). 

^•/-^^ u dlffercnce J^f 15 X A system according to claim 1, wherein the pro- 

divnded in half by the divtde-by-two unit 64. The output cessing m ^ m ^ pted for processing said digital 
of the second register 58 is also provided to both the ^ les t0 ^ a CTCC of m hase 
first sign-reversal unit 66 and the "z" terminal of the signals, 
I-channel switch 70. The output of the first sign-rever- ^ 

sal unit 66 is provided to the "x" terminal of the I-chan- l t -S|. / 2 » -5j, ud /j«S5; 

ncl switch 70. The output of the divide-by-two unit 64 

is provided to both the second sign-reversal unit 68 and and a sequence of quadrature-phase digital signals, 
the "z" terminal of the Q-channel switch 72. The output 

of the second sign-reversal unit 68 is provided to the "x" 25 -(2a - IXS> - 5i) 

terminal of the Q-channel switch 72. The I-channel & l * 2 • 

switch 70 and the Q-channel switch 72 are both oper- 
ated in response to the same clock signal as that which ^ s < 2fl ~ »X&» - Sj) 
clocks the A/D converter 42. The ^channel switch 70 2 
and the Q-channel switch 72 are both operated to con- 30 and 
nect their respective output terminals 52, 54 to one of 

their respective switch terminals x, y and z in a se- ^ „ -(2c - iXfr - $6) 

quence of x-y-z-y-x, and so forth. 2 
I claim: 

1. A system for converting an analog signal into (I) 35 3 \ A ^tan according to claim 1. wherein the pro- 
in-phase and a (Q) quadrature-phase digital signals, CeSSmg for Processing said digita 

comnrisinff signal samples to provide a sequence of ui-phase digital 

" ° , .... signals. 

means for converting an analog input signal A<sin 

((<D 0 +o>,)t+$)) at a sampling rate of f=l/r=4 

fo/(4m+2a-l), wherein m is 0, 1, 2, . . . ; and a is 40 7| „ Qa - lXfr - sp 
either 0 or 1 , to provide a sequence of digital signal 

samples: _ (2a _ 1x54 - 5 2 ) 



45 

5i«/*-c«{»jr+dV), 
5fc--jf4io(« r 2r++), 



(2^-1X54-56) 



53- -/4-co« (•» r 3r+<^), and a sequence of quadrature-phase digital signals, Qi, 

50 Q2. Q3. is 

54- ^ un (•# l 4r+« ( 



55 



<?l-5i, ft- -53, and Gj«5s. 
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